Aims/hypothesis Loss of pancreatic beta cell mass and function leads to the development of diabetes mellitus. Currently there is no technical way to non-invasively image islet function and mass. Murine models suggest that islets are highly vascularised organs that make a significant contribution to the total pancreatic blood flow. The current study was undertaken to test with arterial spin labelling (ASL) magnetic resonance imaging if islet mass and/or stimulation of human pancreatic islets by hyperglycaemia can differentially increase whole-pancreas perfusion, thereby distinguishing non-diabetic from type 1 diabetic patients. Methods We assessed pancreatic blood flow using ASL at baseline, during a hyperglycaemia clamp study (glucose at 11 mmol/l) and during recovery to euglycaemia. Results Seventeen healthy volunteers and seven type 1 diabetic patients were studied. In healthy volunteers we observed no change in pancreatic blood flow during the three phases of the study. A trend for an increase in blood flow was observed in the two control tissues, the liver and kidney. Similarly, there was no significant difference in blood flow during the three stages (baseline, hyperglycaemia and recovery) in diabetic patients and there was no significant difference observed between diabetic patients and normal volunteers. Conclusions/interpretation Our data suggest that in humans neither increased demand nor islet mass has a substantial influence on pancreatic perfusion. It is possible, however, that the current state-of-the art imaging technology employed in this study might not be sensitive enough to distinguish between a true effect and noise.
Introduction
One of the underlying causes of all forms of diabetes is beta cell failure [1] . The functional capacity of islets can be assessed in vivo in humans or animals by measuring insulin secretion during an IVGTT or OGTT, an arginine stimulation test or a mixed-meal stimulation test. At present, determinations of cell mass are done on excised pancreases.
Data from cadaveric pancreases suggest that patients with long-standing type 2 diabetes lose up to 50% of the beta cell mass [2] .
Quantifying pancreatic beta cells would allow us to: (1) differentiate preservation of insulin-secretory capacity related to functional preservation vs that related to beta cell mass preservation or enhancement; (2) provide a clinical examination to monitor beta cell number, mass and function; and (3) identify at-risk individuals to be monitored prior to onset of diabetes.
Although significant progress has been made in imaging anatomical, physiological, biological and genetic markers in other organs and disease states, there is a paucity of imaging research currently addressing the endocrine pancreas. In the last few years we have seen a technological leap in non-invasive imaging technologies such as magnetic resonance (MR) imaging (MRI). Thus, there is an exciting opportunity to apply the new imaging techniques to the pancreatic beta cell [3] [4] [5] [6] [7] .
The islets of Langerhans are highly vascularised with fenestrated capillaries. These islets make up only 1-2% of the pancreatic mass, but receive 10-30% of the pancreatic blood flow [8] . Islet blood flow is highly regulated in response to changes in function (such as response to elevated glucose) and has been measured in experimental animals to be as high as 6 ml (g tissue) −1 min −1 [8] . Transplantation of islets encourages growth of these specialised capillaries in the region of engraftment [9] . Functional imaging techniques that assess blood volume, blood flow, vascular permeability and oxygenation hold promise for visualising the islet and defining its physiology [10] .
We hypothesised that an increase in metabolic demand, such as occurs during hyperglycaemia, would increase whole-pancreas perfusion and that the pancreatic perfusion at baseline and in response to hyperglycaemia would be substantially different between healthy volunteers (individuals with preserved beta cell function) vs patients with type 1 diabetes (lack of beta cell mass and function). The aim of the current study was to test this hypothesis by means of MRI, specifically arterial spin labelling (ASL) [6] .
Methods
Participants The healthy non-diabetic group consisted of 17 individuals (ten men and seven women) between the ages of 19 and 59 years (mean 38 years) who had no 2 (mean 24.7 kg/m 2 ) and total body weights >50 kg. Seven type 1 diabetic patients (one man and six women), 21-51 years old (mean 35 years) were selected based on the American Diabetes Association definition [11] . Additional inclusion criteria were: fasting plasma C-peptide <0.06 nmol/l and no change in their diabetic treatment regimen for at least 2 months prior to the study. All were being treated with either three or four insulin injections per day or an insulin pump. The average BMI of the diabetic patients was 26.2 kg/m 2 with a mean HbA 1c of 7.1% (range 6.6-8.3%). The Yale University School of Medicine Human Investigation Committee approved this study and all participants provided informed, written consent before participation in the study.
Hyperglycaemic clamp protocol Following a basal period, plasma glucose levels were acutely raised to a range of 8.8-11.1 mmol/l by infusing a priming dose of 20% (wt/vol.) dextrose solution in a decreasing logarithmic manner. Subsequently, plasma glucose was held constant at this new hyperglycaemic level for 30 min by adjustment of the 20% dextrose infusion. Thereafter the glucose infusion was discontinued. In those participating in the arginine substudy, 20 min after raising the glucose levels to the range of 8.8-11.1 mmol/l an infusion of 5 g arginine over a 1 min period (as a 10% wt/vol. solution) was given.
Imaging protocols Imaging was performed on a 1.5 T whole-body scanner (Sonata; Siemens Medical Systems, Erlangen, Germany). The built-in body coil was used for transmission and a six-element surface coil for signal reception. MR perfusion-weighted images were acquired using a pulsed ASL (PASL) sequence. It was modified from a fast imaging protocol with a steady procession FISP sequence [12] by incorporating the proximal inversion with a control for off-resonance effects spin labelling technique [6] . Full description of the PASL protocol is presented in the Electronic supplementary material (ESM).
Data processing Regions of the pancreatic tissue were identified manually for each patient (Fig. 1) . Absolute pancreatic blood flow was estimated on a per voxel basis on the perfusion data collected at each time point, and the mean blood flow was then calculated within the pancreatic region. By doing this we obtained a time course representing the pancreatic blood measured at different times in a patient. The temporal mean and SD were then estimated for each of the three conditions: euglycaemic, hyperglycaemic and recovery.
Results
We first wished to test if the addition of arginine (on top of a hyperglycaemic clamp) would enhance blood flow to the pancreas. Seven healthy individuals were tested under these conditions. As can be seen in Fig. 2 , we did not observe a significant difference in pancreatic blood flow following the arginine induction, and thus adding the use of arginine to the protocol was discontinued.
Next we assessed three organs, the pancreas, liver and kidney (the last two as controls) during three stages: baseline, hyperglycaemia and recovery (Fig. 3a) . We observed no change in pancreatic blood flow during the three stages. A trend for an increase in blood flow was observed in the two control tissues, the liver and kidney. We finally assessed pancreatic blood flow in seven type 1 diabetic patients (Fig. 3b) . We did not observe differences in blood flow during the three stages (baseline, hyperglycaemia and recovery). These findings were identical to the observations in normal individuals.
The hyperglycaemic clamp resulted in the expected increase in glucose and C-peptide levels (Fig. 4a, b) .
Discussion
We here report our attempt to assess functional islet mass using pancreatic perfusion as an imaging biomarker. Our data suggest that neither islet mass nor hyperglycaemia has an effect on pancreatic perfusion, as assessed with MRI ASL. The technique used, state-of-the art ASL, failed to distinguish normal volunteers with intact beta cell function and mass from patients with long-standing type 1 diabetes, representing a population lacking most beta cell function and mass. Furthermore, even physiological conditions representing maximal beta cell stimulation (high glucose levels during a hyperglycaemic clamp in conjunction with arginine) have not shown significant flow changes. This contrasted with our control organs (the kidney and liver) where differences were seen, demonstrating higher perfusion during the hyperglycaemia phase.
The failure to distinguish normal volunteers and type 1 diabetic patients may result from either a biological or technical cause or a combination of both.
The biological causes are as follows: (1) Changes in pancreatic islet blood flow have been demonstrated mostly in murine models of diabetes. The assessment was done by an injection of marked microspheres with rapid (10 s) killing of the animals following injection [13] . Thus the results described in those studies may not represent dynamic change in flow as assessed in the current study. (2) Human islet physiology differs from murine physiology. Thus, we cannot exclude that human islet perfusion is not affected to the same degree as murine models by changes in glucose levels or other stimulating factors. (3) Even if human islet perfusion does change in response to stimuli, it is possible that these changes have little effect on wholepancreas perfusion.
The technical reasons are as follows: (1) Islets make up only 1-2% of the pancreatic mass and are distributed unevenly throughout the pancreas and may be stimulated in various degrees during hyperglycaemia. The noise-to-signal ratio may be too great to give a meaningful result. (2) The pancreas is located below the liver, close to the stomach, and behind the intestines. Small irregular movements of the surrounding organs may cause image intensity changes during MRI. Since ASL is geared to detect small differences induced by labelled arterial water spins, the artefacts induced by the surrounding organ movements may reduce the ability of this technique to assess pancreatic blood flow. (3) The pancreas is a relatively small organ so there may be an insufficient number of voxels to allow a more robust MR signal. In addition, respiratory movements may also prevent accurate measurement of perfusion.
In conclusion, this is the first attempt to image native human islet function using perfusion imaging. No differences were seen between normal volunteers and patients with type 1 diabetes, neither prior to nor after clamping glucose levels using a hyperglycaemic clamp. This suggests that islet perfusion has little effect on whole-pancreas perfusion. We cannot exclude, however, that the current state-of-the art imaging technique employed in this study is not sensitive enough to distinguish between a true effect and noise.
